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Abstract 

Background: Lignocellulosic biomass, such as corn stover, is a potential raw material for ethanol production. One 
step in the process of producing ethanol fronn lignocellulose is enzymatic hydrolysis, which produces fermentable 
sugars from carbohydrates present in the corn stover in the form of cellulose and hemicellulose. A pretreatment 
step is crucial to achieve efficient conversion of lignocellulosic biomass to soluble sugars, and later ethanol. This 
study has investigated steam pretreatment of corn stover, with and without sulphuric acid as catalyst, and 
examined the effect of residence time (5-10 min) and temperature (1 90-21 0°C) on glucose and xylose recovery. 
The pretreatment conditions with and without dilute acid that gave the highest glucose yield were then used in 
subsequent experiments. Materials pretreated at the optimal conditions were subjected to simultaneous 
saccharification and fermentation (SSF) to produce ethanol, and remaining organic compounds were used to 
produce biogas by anaerobic digestion (AD). 

Results: The highest glucose yield achieved was 86%, obtained after pretreatment at 210°C for 10 minutes in the 
absence of catalyst, followed by enzymatic hydrolysis. The highest yield using sulphuric acid, 78%, was achieved 
using pretreatment at 200°C for 10 minutes. These two pretreatment conditions were investigated using two 
different process configurations. The highest ethanol and methane yields were obtained from the material 
pretreated in the presence of sulphuric acid. The slurry in this case was split into a solid fraction and a liquid 
fraction, where the solid fraction was used to produce ethanol and the liquid fraction to produce biogas. The total 
energy recovery in this case was 86% of the enthalpy of combustion energy in corn stover. 

Conclusions: The highest yield, comprising ethanol, methane and solids, was achieved using pretreatment in the 
presence of sulphuric acid followed by a process configuration in which the slurry from the pretreatment was 
divided into a solid fraction and a liquid fraction. The solid fraction was subjected to SSF, while the liquid fraction, 
together with the filtered residual from SSF, was used in AD. Using sulphuric acid in AD did not inhibit the reaction, 
which may be due to the low concentration of sulphuric acid used. In contrast, a pretreatment step without 
sulphuric acid resulted not only in higher concentrations of inhibitors, which affected the ethanol yield, but also in 
lower methane production. 
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Background 

Fossil-based fuels, in particular oil, dominate the trans- 
port sector. Alternatives to fossil-based fuels will become 
necessary as the number of vehicles increases, especially 
in countries with rapidly growing economies such as 
India and China. Furthermore, the world faces problems 
with greenhouse gases and diminishing oil resources. 
The use of biofuels, such as bioethanol and biogas, can 
decrease the production of greenhouse gases and reduce 
dependence on oil. 

Ethanol can be produced from sugar, starch or lignocel- 
lulosic materials. Ethanol is currently mainly produced 
from sugar (sugar cane) or from starch (corn or wheat). 
Ethanol from lignocellulosic materials is only produced in 
pilot plants and demo plants. Using lignocellulosic materi- 
als, such as wood and agricultural residues, has the advan- 
tage over using sugar and starch that it minimises the 
conflict between using land for food production or for en- 
ergy feedstock production [1]. Corn stover is a low-cost 
agricultural residue that is available in large quantities. 
Corn stover and other lignocellulosic biomasses consist of 
three main components: cellulose, hemicellulose and lig- 
nin. Ethanol can be produced from lignocellulose, by fer- 
menting monomeric sugars, liberated from the cellulose 
and hemicellulose. Enzymatic hydrolysis is one method 
that can be used to convert cellulose and hemicellulose to 
monomeric sugars. The conversion is, however, very slow, 
since the cellulose is surrounded by hemicellulose and lig- 
nin, and some type of pretreatment is required [2]. Many 
different types of pretreatment method are used. These in- 
clude pretreatment with dilute acid, steam pretreatment, 
wet oxidation, ammonia fibre explosion and alkaline pre- 
treatment [2]. 

Steam pretreatment, also known as "steam explosion", 
has been extensively investigated and tested in several 
pilot plants and demo plants worldwide [3]. An additional 
acid catalyst can be used to increase the effectiveness of 
the steam pretreatment, in which case hemicellulose re- 
covery and the enzymatic hydrolysis of the solids both in- 
crease [4]. Sulphuric acid and sulphur dioxide are 
commonly used as acid catalysts. The pretreatment of 
corn stover using steam explosion with no catalyst [5,6], 
sulphuric acid [6,7] or sulphur dioxide [8,9] has been stud- 
ied using different concentrations of the catalyst and dif- 
ferent residence times and temperatures. However, 
sulphuric compounds such as sulphuric acid and sulphur 
dioxide must be handled in the downstream processing, 
and a process without sulphur is therefore preferred, if it 
can give similar yields and process economics as a 
sulphur-containing process. 

The yeast strain Saccharomyces cerevisiae is well suited 
for the fermentation of pretreated and hydrolysed ligno- 
cellulosic material. Naturally occurring strains ferment 
glucose and mannose, but not pentoses such as xylose and 



arabinose. Corn stover consists of large amounts of xylose 
in addition to glucose, and a process that can ferment 
pentose sugars is essential. Several alternatives have been 
investigated; the use of genetically modified microorgan- 
isms to ferment pentose to ethanol [10,11], production of 
hydrogen [12,13] or biogas [12,14-16]. Biogas production 
through the anaerobic digestion (AD) of activated sludge 
is commonly used. The biogas can be used to produce 
heat or electricity, or it can be upgraded to transportation 
fuel [17]. Microorganisms degrade organic material to bio- 
gas during AD. Almost all organic material can be biode- 
graded: one exception is complicated material such as 
lignin [18]. Some other organic materials can be hard to 
degrade due to the toxic or inhibitory effects of products, 
resulting from previous process steps, on the organisms 
from, for example, phenols and some types of long-chain 
fatty acid [19]. Sulphide, which is produced when sulphate 
is reduced, can also inhibit biogas production. The main 
cause of inhibition is competition between sulphate- 
reducing bacteria and other microorganisms, in particular 
methane-producing organisms, for substrates. Sulphide it- 
self is also toxic to many organisms [19]. The level of sul- 
phides that causes inhibition has been reported to lie in 
the range 100-800 mg/1 dissolved sulphide, and 50- 
400 mg/1 undissociated hydrogen sulphide [19], which 
makes it difficult to predict the effect of pretreatment with 
dilute sulphuric acid or sulphur dioxide. Thus, a process 
that does not require sulphurous compounds is preferred, 
both due to the possible inhibitory effect of sulphurous 
compounds and due to the need to handle sulphur in the 
downstream processing. 

The aim of the work presented here was to investigate 
the influence on ethanol and biogas production of steam 
pretreatment with or without sulphuric acid. The time, 
temperature and catalyst concentration during pretreat- 
ment were varied and the sugar yield determined in each 
case. The ethanol production by simultaneous saccharifi- 
cation and fermentation (SSF) and biogas production by 
anaerobic digestion (AD) were then studied for material 
that had undergone pretreatment in the conditions, both 
with and without acid, that gave the highest glucose 
yields. 

Results and discussion 

Raw material 

Table 1 presents the composition of the raw material. 
The corn stover consisted of 34.9% glucan and starch. 
The amount of xylan was 18.7%. These amounts were 
slightly lower than other analyses of the composition of 
corn stover [6,8]. The amount of lignin was significantly 
lower than in previous analyses, due to the removal of 
extractives in the analytical procedure. The presence of 
extractives may result in too high a lignin value. 
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Table 1 Composition of corn stover expressed as percentage of dry matter 



Glucan 


Glucan as starch 


Xylan 


Arabinan 


Galactan 


Lignin* 


Ash 


Extractives 


33.6 


1.3 


18.7 


2.8 


1.1 


14.1 


2.6 


17.4 



*Acid-soluble lignin included. 



Pretreatment evaluation 
Steam pretreatment 

Table 2 shows the recovery of WIS and the recovery of 
glucan and xylan in the hydrolysate and WIS after pre- 
treatment. The content of lignin in WIS is also shown. 
The maximum glucan recovery is 34.9 g per 100 g dry 
corn stover, recovered from both cellulose and starch. 
The maximum recovery of xylan is 18.7 g per 100 g dry 
corn stover. Table 2 shows that a recovery value above 
100% was obtained in some cases, due to underestima- 
tion of the glucan content in the raw material. It is still 
possible, however, to compare the different pretreatment 
conditions. 

The recovery of the water-insoluble solids decreased 
with increasing time and temperature. The total glucan 
recovery was not as sensitive to harsher pretreatment 
conditions as the recovery of xylan. 

Figure 1 shows the amounts of xylan and glucan that 
were hydrolysed to oligomeric and monomeric xylose 
and glucose as percentages of the theoretical maximum. 
The amount of glucan that was found in the hydrolysate 
as glucose was approximately the same for all pretreat- 
ment conditions. The most notable difference is that no 



glucan was present as oligomers when the pretreatment 
used 0.5% sulphuric acid. The difference is greater for 
xylan in the form of xylose. Most of the glucose and xy- 
lose in the hydrolysate was present as oligomers when 
0.2% or no sulphuric acid was used in the pretreatment. 
Harsher pretreatment conditions (higher temperature 
and time) initially gave higher yields of xylose, but the 
yield decreased when temperatures as high as 210°C for 
5 minutes or 200°C for 10 minutes were reached. The 
xylose was degraded to sugar degradation products, such 
as furfural and formic acid, at these conditions. The 
yield of xylose in the hydrolysate was higher when 0.2% 
sulphuric acid was used than it was when no acid was 
added during pretreatment. The fraction of xylose in the 
form of oligomers decreased to a very small or negligible 
amount when a higher acid concentration (0.5%) was 
used. The total yield of xylose in the hydrolysate is, how- 
ever, much lower than that obtained with a lower con- 
centration of sulphuric acid. 

Figure 2 shows the concentrations of the pentose- 
degradation products furfural and formic acid, and the 
hexose-degradation product HMF in the hydrolysate as 
g/100 g dry corn stover. The concentration of acetic acid 



Table 2 Recovery of WIS, glucan and xylan as percentage of the theoretical value, and the content of lignin in the WIS 



Catalyst 


Temp 


Time 


WIS 




Glucan (%) 




Xylan (%) 


Lignin^ 




(°C) 


(min) 


(%) 


WIS 


Hydrolysate 


WIS 


Hydrolysate 


(%) 


None 


190 


5 


79.8 


111.0 


8.9 


84.6 


26.8 


22.6 




200 


5 


53.3 


76.4 


7.9 


29.1 


40.6 


27.5 




210 


5 


62.9 


106.3 


7.2 


21.4 


36.9 


28.1 




190 


10 


66.8 


98.8 


7.6 


50.0 


41.6 


24.6 




200 


10 


60.6 


96.5 


7.6 


13.0 


40.3 


29.2 




210 


10 


56.4 


92.9 


5.7 


11.2 


16.0 


36.0 


0.2% Sulphuric acid 


190 


5 


70.1 


97.2 


7.5 


32.0 


60.6 


27.1 




200 


5 


67.3 


101.2 


6.8 


22.9 


65.8 


28.9 




210 


5 


65.9 


105.2 


6.3 


13.8 


53.1 


33.0 




190 


10 


58.9 


86.5 


7.9 


21.1 


69.9 


28.5 




200 


10 


65.2 


104.3 


6.7 


14.9 


42.6 


27.6 




210 


10 


66.9 


91.8 


4.6 


8.9 


21.1 


29.4 


0.5% Sulpliuric acid 


190 


5 


59.9 


97.6 


4.2 


8.5 


40.2 


27.2 




200 


5 


59.0 


97.5 


4.6 


6.1 


35.0 


27.0 




210 


5 


62.8 


106.4 


4.4 


4.4 


25.6 


28.7 




190 


10 


59.7 


97.3 


4.3 


7.3 


32.8 


28.9 




200 


10 


62.9 


105.1 


3.9 


6.2 


24.1 


28.1 




210 


10 


58.5 


100.2 


3.8 


3.2 


13.6 


30.3 



* Acid-soluble lignin included. 
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Figure 1 Yields of glucose and xylose in the liquid fraction of the pretreated material as percentage of the theoretical maximum from 
the raw material. 



is also shown. Acetic acid is formed when side chains of 
acetyl groups are released during the solubilisation of 
hemicellulose. The higher concentrations of acetic acid 
that are produced under harsher pretreatment condi- 
tions show that more hemicellulose and, therefore, more 
xylan has been solubilized. The xylose yield, however, is 
lower, which means that more degradation products 
have been formed. The concentration of formic acid 
produced when no catalyst was used was higher than 
that obtained when sulphuric acid was included in the 
pretreatment. This shows that pretreatment without a 



catalyst is much harsher to hemicellulose, and degrades 
xylose not only to furfural, but also further to formic 
acid (which is a degradation product of furfural). 

Enzymatic hydrolysis 

Figure 3 shows the total yields of glucose and xylose 
after steam pretreatment and enzymatic hydrolysis as 
percentages of the theoretical maximum in the raw ma- 
terial. The highest glucose yield, 86%, was obtained for 
pretreatment without a catalyst at 210°C for 10 minutes. 
The xylose yield was lower, 17%. This is because most of 
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Figure 2 Yields of HMF, furfural, acetic acid and formic acid as g/100 g dry raw material in the liquid after pretreatment. 
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Figure 3 Yields of glucose and xylose in the liquid fraction after enzymatic hydrolysis of the pretreated material, as percentages of the 
theoretical maximum from the raw material. 



the xylose has been solubilized during the pretreatment, 
and degraded into furfural and formic acid. A lower 
temperature or shorter residence time in the reactor 
resulted in a higher xylose yield, and a lower glucose 
yield. The highest glucose yield obtained when using 
sulphuric acid pretreatment, 78%, was using pretreat- 
ment at 200°C for 10 minutes with 0.2% sulphuric acid. 
The xylose yield in these conditions was 55%. This is al- 
most the same yield as that obtained without catalyst 
under the same pretreatment conditions. The glucose 
yields are generally low, most of them being under 80%. 
Varga et al. [6] obtained a highest overall glucose yield 
of 82%, which occurred after pretreatment that included 
2% sulphuric acid at 190°C for 5 minutes. The total dry 
matter used by Varga et al. was the same as that used 
here, but the enzyme loading was approximately three 
times higher. Varga et al. carried out enzymatic hydroly- 
sis at 50°C, while the present study has used 40°C. 
Ohgren et al. [8] used corn stover pretreated with SO2, 
and showed that many different pretreatment conditions 
gave yields of over 80%. Their highest yield, 89%, was 
obtained after pretreatment at 200°C for 10 minutes 
using 2% SO2. The solid loading in the enzymatic hy- 
drolysis was, however, only 2%, while the enzyme load- 
ing was twice as high as that used in the present study. 
Lloyd et al. [5] studied corn stover pretreated without 
the addition of acid. The glucose yield following 



pretreatment at 210°C for 6 minutes was lower, 67.7%, in 
their experiments. 

Results from enzymatic hydrolysis using unwashed 
material were slightly different (data not shown). The 
difference in yield between the highest yield for pretreat- 
ment with no catalyst and that with 0.2% sulphuric acid 
was smaller. Yields from unwashed material for both 
acid pretreatment and pretreatment without acid at 
200°C for 10 minutes were also lower. There was a 
greater difference between the yield obtained following 
pretreatment with no catalyst and that obtained with 
0.2% sulphuric acid, since the yield without catalyst was 
lower than that obtained from washed material. This 
may be due the inhibitor effect, since more of the hemi- 
cellulose was degraded into degradation products when 
no catalyst was added. 

Process evaluation 

Material obtained from the pretreatment conditions that 
gave highest glucose yield with and without the addition 
of sulphuric acid was further investigated to determine 
its potential for producing ethanol and methane. These 
pretreatment conditions were 210°C for 10 minutes with 
no catalyst, and 200°C for 10 minutes with 0.2% sulphuric 
acid. The pretreatment using no catalyst at 200°C was not 
further investigated, since the yield was lower than that 
obtained at 210°C, and the total amount of inhibitors was 
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higher than in material from pretreatment with 0.2% 
sulphuric acid. Table 3 presents the concentrations of 
sugars, degradation products and WIS in the pretreated 
material from the pretreatment regimens selected. 

SSF 

Figure 4 presents results from SSF. The highest concen- 
tration of ethanol, 22.6 g/1, was obtained following 
sulphuric acid pretreatment at 200°C for 10 minutes. 
The yield was the same when using washed or unwashed 
pretreated material. The ethanol concentration obtained 
was lower from pretreatment in the absence of catalyst, 
and in this case the ethanol concentration was lower 
from unwashed material than from washed material. 
This was due to the unwashed material containing 
higher concentrations of inhibitors for the yeast. The 
inhibitors affected also the productivity, as it took longer 
time to reach a given ethanol concentration. The overall 
ethanol yields (in percentages of theoretical maximum, 
based on values obtained for the glucose content in the 
raw material) were 80% for SSF performed on sulphuric- 
acid-pretreated material, 72% for material pretreated 
with no catalyst and subsequently washed, and 69% for 
the material pretreated with no catalyst and not subse- 
quently washed. These values correspond to 16, 14.3 and 
13.8 g ethanol/ 100 g dry raw material. The yields were 
similar to those obtained by Ohgren et al. from material 
with similar WIS content [20]. Ohgren et al. used 
sulphur-dioxide-pretreated corn stover, and obtained an 
ethanol yield of 73% using 5 g/1 baker s yeast and un- 
washed material. 

AD 

Table 4 lists the VS contents and the TOC contents in 
the various substrates before AD. The VS content has 
been underestimated, since some organic acids are vola- 
tilized when the sample is dried in the oven at 105°C. 
The ethanol content in the substrates after SSF was 
measured before AD to demonstrate that most of the 
ethanol was distilled off during the distillation step. 
Table 4 presents also the VS contents of the inoculum. 

The TOC content in the inoculum- substrate mixture 
was measured after AD to make it possible to calculate 
the degree of reduction of TOC. Table 5 presents the 
results, together with the measured methane potentials 
during AD in terms of normal litre (nl) CH4/kg VS. The 
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shapes corresponds to the different experiment and pretreatment 
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k ) 

calculated potential is probably higher than the actual 
potential, since volatile compounds are not included in 
the VS measurements. The yield in terms of nl CH4/ 
100 g dry raw material is, therefore, also listed, to give a 
more adequate comparison. All results are corrected 
from a blank that was run in parallel and that contained 
only inoculum. A reference sample containing a 50:50 
mixture of two different kinds of cellulose (Microcrystal- 
line Cellulose Powder, MP Biomedicals and Cellulose 
Microcrystalline, FLUKA Sigma-Aldrich Biochemika) 
was also run during the experiment, to ensure that the 
inoculum was working properly. The theoretical poten- 
tial for cellulose is 415 nl CH4/kg VS and Table 5 shows 
that the result obtained was 390 nl CH4/kg VS. It was 
concluded that the inoculum being used was working 
properly, and any problems with the AD depended on 
the substrate and not on the inoculum. 

Table 5 shows that the degree of TOC reduction was 
high (greater than 80%) in all cases, and it was con- 
cluded that the inoculum worked well for all the sub- 
strates. The TOC reduction and the yields were higher 
when using sulphuric-acid-pretreated material than they 
were when using material pretreated in the absence of 
catalyst. The small amounts of sulphuric acid added dur- 
ing the pretreatment did not inhibit the organisms in 
the inoculum. Indeed - the organisms were more se- 
verely inhibited in the material pretreated with only 
steam, resulting in lower degrees of reduction and lower 
yields. This effect is compatible with problems with 



Table 3 Concentrations of sugars, degradation products and WIS in the pretreated material 



Catalyst 


WIS In slurry 


Content in WIS (% of dry weight) 




Concentration in the liquid fraction (g/1) 






(%) 


Glucan Xylan Lignin^ 


Glucose^ 


Xylose^ Acetic acid HMF Furfural 


Formic acid 


None 


8.9 


53.9 4.1 27.9 


3.7 


8.8 5.3 0.2 1.0 


2.7 


0.2% H2SO4 


9.7 


55.9 2.8 26.9 


4.5 


18.3 5.9 0.5 2.9 


0.8 



a Acid-soluble lignin included, b Monomers and oligomers. 
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Table 4 Contents of VS in percentage and contents of TOC and ethanol in g/l for the substrates passed to AD and in 
the inoculum 



Pretreatment 


Substrate 


VS (%) 


TOC (g/l) 


Ethanol (g/l) 




Inoculum 


1.36 






No catalyst 


Hydrolysate 


1.77 


10.9 






Thin stillage from SSF with unwashed material 


3.64 


14.1 


0.03 




Thin stillage from SSF with washed material 


1.15 


5.5 


0.19 


0.2% Sulphuric acid 


Hydrolysate 


2.48 


13.7 






Thin stillage from SSF with unwashed material 


3.66 


18.1 


0.09 




Thin stillage from SSF with washed material 


1.29 


6.8 


0.03 



inhibition during SSF, and during enzymatic hydrolysis, 
both of which can be related to the effects of inhibitors. 
Two process alternatives were compared, one in which the 
slurry from the pretreatment was passed to SSF and from 
there the stillage to AD, and the other in which the hydrol- 
ysate and the thin stillage after SSF with washed material 
were passed to AD (Figure 5). The second alternative in 
which the slurry was divided into two fractions gave the 
highest methane yield. The result is the same regardless of 
whether the pretreatment was performed with or without 
sulphuric acid. This is probably due to the hydrolysate 
being diluted with washing water, which results in higher 
yields than those obtained with thin stillage. This would 
also explain the difference in the degree of TOC reduction 
between the hydrolysate and the thin stillage. 

It is difficult to compare the results from this study 
with those of other studies, since most results are given 
as methane potential. The measurement of VS content 
should be corrected to account for the loss of the vola- 
tile fatty acids during the drying step to obtain better 
estimates of the value of VS and the following potential. 
This correction, however, would have no effect on the 
yield calculations in this study. 

Overall product yields 

The results from SSF and AD were evaluated to com- 
pare the different pretreatment methods and process 



configurations. Figure 6 summarises the amounts of 
ethanol and methane produced, and the amounts of 
solids (without ash) being left for combustion. Recovery 
was higher from material pretreated with sulphuric acid 
than from material pretreated without sulphuric acid. 
Configuration 2, in which washed solids were used for 
SSF and hydrolysate for biogas, is the better option for 
both pretreatment methods. 

The combustion enthalpy in the different products was 
calculated and compared to the combustion enthalpy in 
corn stover. The energy content in the corn stover was 
calculated using a lower heating value (LHV) of 17.65 MJ/ 
kg [21] and the energy contents of ethanol, methane and 
solid residue without ash were calculated using 27.1, 50.0 
and 22.0 MJ/kg, respectively. Figure 7 shows the energy 
yields of the products as percentages of the energy content 
in corn stover. Material pretreated in the presence of 
sulphuric acid and subsequently undergoing Configur- 
ation 2 resulted in the highest energy yield, 86%. The en- 
ergy recovery using Configuration 2 with no catalyst is 
better than that of Configuration 1 with sulphuric acid. 

The results show that evaluating different pretreat- 
ment conditions with enzymatic hydrolysis alone would 
not be a proper method. In the case of enzymatic hy- 
drolysis, the highest glucose yield was found when no 
catalyst was used. This is due to the harsher pretreat- 
ment conditions that results in making cellulose more 



Table 5 Contents of TOC in the mixture, degrees of TOC reduction, methane potentials and yields for the different 
substrates 



Pretreatment 


Substrate 


TOC (g/l) 


TOC reduction (%) 


Methane potential 
(nl CHVkg VS) 


Yield (nl CH^IOOg 
raw material) 




Reference with cellulose 






390 




No catalyst 


Hydrolysate 


0.22 


90.6 


495 


9.9 




Thin stillage from SSF with unwashed material 


0.29 


82.5 


468 


9.9 




Thin stillage from SSF with washed material 


0.19 


86.2 


517 


3.5 


0.2% Sulphuric acid 


Hydrolysate 


0.02 


99.0 


503 


11.7 




Thin stillage from SSF with unwashed material 


0.17 


92.1 


658 


13.8 




Thin stillage from SSF with washed material 


0.16 


91.8 


516 


3.8 



All results have been corrected with the values obtained for the inoculum. 
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Figure 5 The two process configurations. 



accessible to the enzymes. But when using the same 
conditions for SSF and AD it did not result in higher 
ethanol and methane yields compared with the milder 
pretreatment comprising sulphuric acid. The positive ef- 
fect of more available cellulose for the enzymes was out- 
weighed by the negative effects of the higher amounts of 
inhibitors. The amount of available residual solids that 
could be used for combustion was also less. Also this is 
due to the harsher pretreatment conditions, resulting in 
more lignin being solubilized. The results show that 
even though the optimal pretreatment conditions were 
chosen for highest glucose yield it might not be the 
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Figure 6 Tiie total mass yield in g products/100 g dry raw 
material for the two different process configurations and the 
two different pretreatment conditions. 



optimal conditions from a process view. To find the 
optimum, more pretreatment conditions need to be 
investigated for the whole process. 

Combining the production of ethanol and methane 
has been investigated previously. Dererie et al. [16], for 
example, used steam-pretreated oat straw to produce 
ethanol and biogas. The pretreated material was used for 
ethanol and the residual product for methane. The en- 
ergy yield obtained by the combination was 9.5-9.8 MJ/ 
kg dry straw, calculated from the amounts of ethanol 
and biogas produced. The yields from corn stover pre- 
treated with 0.2% sulphuric acid were 9.2 and 9.8 MJ/kg 
dry corn stover for Configuration 1 and 2, respectively, 
when calculated in the same way and using same heating 
values as Dererie et al. Kaparaju et al. [12] obtained an 
energy yield of 55%, expressed as the percentage of the 
energy content of the dry wheat straw that was present 
in the products. Kaparaju et al. did not include the en- 
ergy of the lignin in their calculations. 

Conclusions 

Pretreatment at 210°C for 10 minutes in the absence of 
catalyst followed by enzymatic hydrolysis gave the high- 
est glucose yield, 86%. The highest yield using sulphuric 
acid as a catalyst in the pretreatment was obtained at 
200°C for 10 minutes. The highest ethanol and methane 
yields were obtained from material that had undergone 
pretreatment in the presence of sulphuric acid. The best 
overall yield of products was obtained from material that 
had undergone pretreatment in the presence of sulphuric 
acid, followed by processing in a configuration in which 
the slurry from the pretreatment was divided into a solid 
fraction and a liquid fraction. The solid fraction was sub- 
jected to SSF, while the liquid fraction, together with the 
filtered residual product after SSF, was subjected to AD. 
The total energy recovery in this case was 86% of the en- 
ergy content in the corn stover. The use of sulphuric acid 
in anaerobic digestion did not give rise to an inhibitor 
effect, which may have been a consequence of the low 
concentration used. Instead, the use of steam alone in the 
pretreatment step resulted in a higher concentration of 
inhibitors, which affected not only the ethanol yield but 
also the methane production. 

Methods 

Process description 

Corn stover was pretreated under different conditions 
and subsequently subjected to enzymatic hydrolysis. Ma- 
terial from the pretreatment conditions that gave the high- 
est glucose yields was then input to two different process 
configurations, see Figure 5. In the first configuration, the 
slurry from the pretreatment was subjected to SSF and the 
filtered stillage, also known as "thin stillage", was then 
passed to AD for biogas production. In the second 
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configuration, the slurry was pressed and washed, and the 
solids were subjected to SSF. The hydrolysate, washing li- 
quid and thin stillage underwent AD. 

Raw material 

Corn stover was provided by the State Grid Corporation 
of China. The corn stover was chopped into pieces less 
than 20 mm and had a dry matter content of 85%. The 
material was stored cold. The raw material was analysed 
for starch, carbohydrates, lignin, ash and extractives 
using NREL methods [22-24]. 

Steam pretreatment 

Steam pretreatment was performed with only steam or 
with steam and sulphuric acid. When using only steam, 
the raw material was sprayed with water to obtain a dry 
matter content of about 50% by weight. When using 
added sulphuric acid, the raw material was impregnated 
with the acid. The raw material was immersed in an 
aqueous solution containing the concentration of 0.2% 
or 0.5% sulphuric acid and stored in a sealed bucket. 
The total weight of liquid was 20 times that of the dry 
corn stover. The wet corn stover was dewatered after 
30 minutes in a press (Tinkturenpressen HP5M, Fischer 
Maschinenfabrik GMBH, Germany) of capacity 3 litres. 
The material was pressed to give material with a dry 
matter content between 45 and 50% by weight. 

Steam pretreatment was performed in a reactor of 
capacity 10 litres loaded with impregnated corn stover 
corresponding to 400 g dry matter. The duration of pre- 
treatment ranged between 5 and 10 minutes and the 
temperature between 190 and 210°C. Palmqvist et al. 
[25] describe the equipment in more detail. The solid 
fraction after pretreatment was analysed for structural 
carbohydrates and lignin, while the liquid was analysed 
for the contents of sugars and inhibitors using NREL 
methods [22,26]. The content of water-insoluble solids 



(WIS) was analysed using the method developed by 
Weiss et al. [27]. 

Enzymatic hydrolysis 

The pretreated material was washed with hot water be- 
fore enzymatic hydrolysis. The material loading was 5% 
WIS. The hydrolysis experiments were performed in 
stirred bottles of capacity 1 litre, with a total loading of 
600 g. The enzymes used, Cellic CTec2 (Novozymes, 
Bagsvaerd, Denmark), were added at an amount corre- 
sponding to 7.5 FPU/g WIS. Hydrolysis was allowed to 
continue for 96 h at 40°C. The pH was set manually to 5 
with 10% sodium hydroxide. Samples were taken after 0, 
2, 4, 6, 8, 24, 48, 72 and 96 h, and analysed for mono- 
meric sugars. 

Yeast cultivation 
Inoculum culture 

Baker s yeast {S. cerevisiae) produced by Jastbolaget AB, 
Rotebro, Sweden was prepared on an agar plate prior 
to the cultivation. The yeast was added to a 300 ml 
Erlenmeyer flask containing 70 ml sterile medium at pH 
5. The composition of the medium was 23.8 g/1 glucose, 
10.8 g/1 (NH4)2S04, 5.0 g/1 H2KPO4, 1.1 g/1 MgS04^7H20. 
The medium also contained 14.4 ml/1 trace metal solution 
and 1.4 ml/1 vitamin solution prepared as described by 
Taherzadeh et al. [28]. The flask was sealed with a cotton 
plug and the culture was incubated at 30°C for 24 hours 
on a rotary shaker. 

Aerobic batch cultivation 

Aerobic batch cultivation was performed in a 2 1 bioreactor 
(Infors AG, Bottmingen, Switzerland) at 30°C under sterile 
conditions. The medium contained 20.0 g/1 glucose, 22.5 g/1 
(NH4)2S04, 10.5 g/1 H2KPO4, 2.2 g/1 MgS047H20, 
60.0 ml/1 trace metal solution and 6.0 ml/1 vitamin solution. 
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The pH was maintained at 5 by the automatic addition of 
10% NaOH. The cultivation was initiated by adding 60 ml 
of inoculum culture. The stirrer rate was maintained at 
700 rpm. The bioreactor was aerated and the air flow 
adjusted to ensure that the concentration of dissolved oxy- 
gen was greater than 5% during the batch cultivation and 
the fed-batch cultivation. 

Aerobic fed-batch cultivation 

Feeding of pretreatment hydrolysate was started when 
the ethanol produced during the glucose consumption 
phase had been depleted. The hydrolysate was enriched 
with 62.0 g/1 glucose as the concentration of hexoses 
was very low. Salts were added to achieve the following 
concentrations: 11.3 g/1 (NH4)2S04, 5.3 g/1 H2KPO4 and 
1.1 g/1 MgS04*7H20. The total volume of the hydrolys- 
ate and salt solution was 1 1. The hydrolysate solution 
was added at a constant flow rate during 24 h. The hy- 
drolysate used was diluted to a concentration that corre- 
sponded to that of a slurry from the pretreatment that 
had been diluted to 7.5% WIS. The pH of the hydrolys- 
ate was adjusted to 5 with 10% NaOH. The stirrer rate 
was maintained at 1,000 rpm. 

Cell harvest 

The cell culture was centrifuged in 750 ml flasks using a 
Jouan C4-12 centrifuge (St Herblain, France) at 3,500 rpm 
for 5 minutes. The time from the end of batch feeding to 
SSF of the harvested cells was never longer than 2 hours. 

Simultaneous saccharification and fermentation 

Some of the pretreated material was washed before sim- 
ultaneous saccharification and fermentation (SSF). The 
washing procedure involved first dewatering the pre- 
treated material in a press (Tinkturenpressen HP5M, 
Fischer Maschinenfabrik GMBH, Germany) of capacity 
3 litres to a dry matter content between 45 and 50% by 
weight, followed by addition of the same amount of 
water as had been pressed out. The material was then 
pressed again. SSF was performed on both washed and 
unwashed materials. 

SSF was performed in a 2 1 fermenter (Infors AG, 
Bottmingen, Switzerland) with a working weight of 1,000 
gram. The WIS content was 8.4%, which is the highest 
that can be achieved when using material pretreated 
with only steam. This WIS was achieved by diluting the 
pretreated material with deionized water. The pH was 
adjusted to 5 with 10% NaOH, and the fermenter and 
the material were sterilized. The equipment was left to 
cool overnight. Nutrients were added to the fermenter 
to give concentrations of 0.5 g/1 (NH4)2HP04 and 
0.025 g/1 MgS04*7H20. The enzymes used, Cellic 
CTec2 (Novozymes, Bagsvaerd, Denmark), were added 
at an amount corresponding to 10 FPU/g ingoing WIS. 



The yeast was added to the fermenter to give a concen- 
tration of 3 g/1. SSF was performed at 35°C for 96 hours. 
Samples were taken after 2, 4, 6, 8, 24, 48, 72 and 96 h, 
and analysed by HPLC for ethanol, monomeric sugars, 
acetic acid, lactic acid and sugar-degradation products. 

Anaerobic digestion 

The material from SSF was distilled in a small distilla- 
tion unit before anaerobic digestion (AD). The distilla- 
tion continued until the volume of the distillate was 
about 150 ml, to ensure that most of the ethanol had 
been removed from the slurry. The residual, the stillage, 
was then filtered and the liquid fraction (thin stillage) 
was used for AD. 

AD was performed using the method described by 
Hansen et al. [29] to determine the potential biogas produc- 
tion. Either thin stillage or hydrolysate directly from the 
pretreatment stage was used as substrate in the AD experi- 
ments (Figure 5). The total organic carbon content and the 
content of volatile solids (VS) of the substrates were deter- 
mined. Inoculum (active sludge) was collected from a mu- 
nicipal water-treatment plant (Sjolunda avloppsreningsverk, 
Malmo, Sweden). The VS content on the inoculum was 
determined. The substrate and inoculum were mixed in the 
proportion 1:2, measured by VS content, to give a total 
weight of 500 g in bottles of volume 2 1. The bottles were 
flushed with nitrogen to obtain an anaerobic environment, 
and kept in an incubator at 37°C. Samples were withdrawn 
twice a week and the methane content determined by gas 
chromatography [29]. 

Analysis 

Monomeric sugars from analysis of the raw material and the 
solids obtained from the pretreatment stage were analysed 
using by high-performance anion exchange chromatography 
coupled with pulsed amperometric detection (HPAEC- 
PAD). A Carbo Pac PAl column (Dionex, Sunnyvale, CA, 
USA), a gradient pump (GP50, Dionex) and an autosam- 
pler (AS50, Dionex) were used. The flow rate was 1 ml/ 
min and deionized water, 200 mmol/1 sodium hydroxide 
and 200 mmol/1 sodium hydroxide mixed with 170 mmol/ 
1 sodium acetate were used as eluents. All samples had 
been filtered through a filter of pore diameter 0.20 [im be- 
fore analysis. 

The amounts of monomeric sugars, ethanol and by 
products in the liquids after the pretreatment stage, after 
enzymatic hydrolysis and after SSF were determined by 
HPLC with a refractive index detector. Glucose, xylose, 
arabinose, galactose and mannose were separated using 
an Aminex HPX-87P column (Bio-Rad, Hercules, CA, 
USA) at 85°C with a flow rate of 0.5 ml/min using water 
as eluent. Ethanol, lactic acid, acetic acid, furfural and 
5-hydroxymethylfurfural (HMF) were separated using 
an Aminex HPX-87H column (Bio-Rad, Hercules, CA, 
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USA) at 50°C with a flow rate of 0.5 ml/min using 
5 mmol/1 sulphuric acid as eluent. All samples had 
been filtered through a filter of pore diameter 0.20 [im 
before analysis. 

The total organic carbon content was determined by a 
total carbon analyser (TOC-5050A) with an autosampler 
(ASI-5000A). The carrier gas flow was set to 150 ml/min 
and the working temperature was 680°C. 

The content of volatile solids, VS, was determined by 
ashing the sample at 550°C for 2 hours after the sample 
had been dried at 105°C for at least 20 hours. 
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